Deletion complexes consisting of multiple chromosomal deletions induced at single loci can provide a means for functional analysis of regions spanning several centimorgans in model genetic systems. A strategy to identify and map deletions at any cloned locus in the mouse is described here. 
Radiation mutagenesis has provided genetic resources in the mouse for over 60 years, yielding chromosomal deletions, translocations, inversions, and duplications, as well as intragenic mutations. The most productive screen for radiationinduced mutations, the specific-locus test, was initiated by W. L. Russell (1) . Based on previous experiments in Drosophila melanogaster, the specific-locus test was a screen for recessive mutations in progeny of wild-type mutagenized mice at seven specific loci: agouti (a), brown (now known as tyrosinaserelated protein or Tyrp1), albino (now known as tyrosinase or Tyr), dilute (now known as myosinVa or Myo5a), short ear (now known as bone morphogenetic protein 5 or Bmp5), pink-eyed dilution (p), and piebald (now known as endothelin receptor type B or Ednrb). Mutations at any one of these seven loci were identified by crossing mutagenized mice to a tester stock homozygous for visible, recessive mutations at the seven loci. Subsequently, Lyon and Morris (3) generated mutation rates for an additional set of specific loci: agouti (a), brachypody (now known as growth differentiation factor 5 or Gdf5), fuzzy ( fz), leaden (ln), pallid (pa), and pearl (pe).
Although initially designed to estimate the genetic hazards of radiation exposure on humans, the induced mutations from the specific-locus test have provided a wealth of biological information on regions flanking specific loci (reviewed by ref. 4 ). For instance, complementation and phenotypic analysis of deletions at the Tyr locus led to a functional map of a 6-to 11-cM region of mouse chromosome 7 (2, 5, 6) . This functional map includes six regions defined by deletion breakpoints required at various stages of development. In addition, a mutagenesis screen to identify mutable genes in the region covered by the deletions (7-9) has been performed with the point mutagen, N-ethyl-N-nitrosourea (ENU) (10) . This screen, based on noncomplementation with the albino deletions, identified and mapped Tyr-linked, recessive lethal, ENU-induced mutations to known and previously unidentified essential loci in the albino region.
Saturation mutagenesis of the region of chromosome 7 covered by the deletions is a model for systematic mutagenesis of the entire mouse genome. However, although deletion complexes have been generated at the specific loci as well as a limited number of other loci, including Brachyury (T), mast cell growth factor (Mgf ), and the kit oncogene (kit), the fraction of the genome included in deletion complexes is only 3% (4) . Deletions have been isolated in other regions and can be detected efficiently (3, 11) , but the ability to generate multiple germ-line-induced deletions at a given locus is limited even at large mouse facilities because of the number of progeny that must be screened (12) . Thus, factors that contributed to successful mutagenesis at the Tyr locus, a visible phenotypic marker and the ability to screen large populations to isolate a deletion complex, are limiting for saturation mutagenesis at other loci in the mouse genome.
Mutagenesis in the mouse can be performed in vitro by using mouse embryonic stem (ES) cells and offers an alternative mutation resource that could circumvent the limiting factors for generating deletion complexes in mice. The most common form of mutagenesis in ES cells is targeted mutagenesis via homologous recombination, which is an efficient method for introducing a specific intragenic mutation in a predetermined locus (13) (14) (15) (16) . In vitro mutagenesis, however, is not limited to targeted mutations and offers an accessible method for generating a variety of mutations, including radiation-induced deletions. In other cell types, radiation-induced deletions have been mapped beyond the target gene by using linked markers at the endogenous hypoxanthine phosphoribosyltransferase (Hprt) (17) , thymidine kinase (Tk) (18) , and adenine phosphoribosyltransferase (Aprt) loci (19) .
Deletion mapping at autosomal loci is dependent on linked polymorphic markers. A basic strategy to identify and map deletions that could be used at any cloned locus in the mouse genome is to target a selectable marker into a predetermined locus in an ES cell line polymorphic for a large portion of the Ͼ6,000 PCR-based microsatellite markers available in the mouse genome (20) . Deletions therefore could be induced, selected, and mapped by loss of heterozygosity (LOH) of the PCR-based polymorphic microsatellite markers, and because the deletions are in ES cells, the potential exists to generate mice from the deletion cell lines.
Two criteria for this strategy to work are the creation of a highly polymorphic ES cell line as well as optimizing the efficiency of isolating, detecting, and inducing deletions in ES cells, and these two points are the focus of the work reported here. Various protocols were tested for inducing mutations at the X-linked Hprt locus and at a herpes simplex virus thymidine kinase (HSV-tk) gene targeted to mouse chromosome 9 in the neural cell adhesion molecule (Ncam). The mutagenesis was performed in a highly polymorphic, male, germ-linecompetent F 1(129/Sv-ϩ Tyr ϩ p ϫ CAST/Ei) ES cell line. Reported are the optimized selection protocols, induced mutation frequencies, and extensive molecular analysis of mutations at the Hprt and Ncam loci. In addition, fluorescence in situ hybridization with a chromosome 9 paint revealed that cytogenetic analyses are critical for selecting interstitial deletions without associated complex chromosomal rearrangements. Although we have not yet determined whether these mutated genomes would survive in the germ line, the results of this work significantly extend the molecular characterization of radiation-induced mutations in ES cells and support the finding of You et al. (21) that radiation-induced deletion complexes can be efficiently generated in ES cells. (24) , was added outside the region of homology to enrich for targeted events in ⌬B7.4TK͞NpA Ϫ ͞BADT.
MATERIALS AND METHODS
Electroporation, selection, and detection of targeted clones was performed as described elsewhere (23, 25) . Two Ncamspecific probes, a partial Ncam cDNA containing exons 16, 17 and part of exon 19 (23) and a genomic clone including exon 14 (26) , were used to detect polymorphisms indicative of homologous integration for identification of targeted clones. Three targeted lines were isolated at a frequency of 1͞59 and were determined to have targeted the 129͞Sv ϩ Tyr ϩ p allele based on a strainspecific restriction fragment length polymorphism.
Mutagenesis. The basic protocol for ES cell mutagenesis was as follows. Cells were split in nonselective media on gelatincoated dishes 2 days before treatment. The day of treatment, cells were trypsinized, counted, and plated in nonselective medium on 100-mm gelatin-coated dishes. Cells were refed nonselective medium the day after treatment and then every other day until selection was initiated. The day after initiating selection the cells were refed selective medium and then every other day for at least 4 days. At this time, approximately 1 week after the cells were plated for selection, the surviving colonies were counted, picked, and expanded for analysis. Cells (2 ϫ 10 3 ) were treated in parallel with each experimental population and maintained in nonselective medium to estimate plating efficiency and cell survival (average plating efficiency, 20%).
For mutagenesis at Hprt, cells were plated at a density of 1-2 ϫ 10 6 cells͞dish for the untreated spontaneous controls and 3-5 ϫ 10 6 cells͞dish for UV or x-ray exposed samples. A 5-to 6-day expression time is necessary for clearance of residual Hprt message and protein (13) and necessitated the passage of the cells one or two times. The final passage for selection was performed 2 days before initiating 6-thioguanine (6-TG) selection at a uniform density of 5 ϫ 10 5 cells͞100-mm dish (1 ϫ 10 5 cells accounting for plating efficiency) to maximize the number of cells assayed and minimize variation in 6-TG r mutant recovery based on cell density.
For mutagenesis at Ncam͞tk, targeted cell lines were maintained in G418 medium and split to gelatin-coated dishes in nonselective medium 2 days before treatment. Five of six protocols tested with GANC had at least a 4-day expression time and resulted in clear induction of GANC r colonies after x-ray treatment at permissive cell densities. In the favored protocol, cells were plated for treatment as for the Hprt locus, split 3 days later at a density of 2.5 ϫ 10 5 ͞100-mm dish (5 ϫ 10 4 cells accounting for plating efficiency) and selection with 2.5 M GANC initiated the next day, 4 days after treatment. Three protocols using FIAU selection with a 2-to 4-day expression time had clear induction of FIAU r colonies after x-ray treatment. In the protocol favored for isolating FIAU r colonies, cells were plated at 2 or 3-5 ϫ 10 5 cells͞100-mm dish for spontaneous and 2 or 3 ϫ 10 6 cells͞100-mm dish for x-ray treatment, refed the next day in nonselective media, and selection initiated with FIAU 2 or 3 days after exposure. Cell density for experiments initiating selection 2 days after treatment was 0.6-1 ϫ 10 5 cells͞100-mm dish and 0.4-0.5 ϫ 10 5 cells͞100-mm dish for a 3-day expression time.
Cells were exposed to 4 Gy of x-rays by using a Siemens' Stabilipan x-ray generator (250 kVp, 15 mA, HVL 1.5 mm Cu) at a rate of 90 Rad͞min in media on 100-mm dishes and resulted in an average 88% cell death. This dose of x-rays, based on the survival fraction, was expected to induce mutations above background (27) . Cells were exposed to 4.2 J of UV light from a 30W Sylvania germicidal lamp (253.7 nm). Exposure to this dose of UV light resulted in an average 84% cell death.
Mutation Analysis. Colonies were expanded to either 35-or 60-mm dishes for DNA isolation. Primer pairs were selected based on map position and polymorphism information from the Massachusetts Institute of Technology genome center and purchased from Research Genetics (Huntsville, AL). Approximately 100 ng of genomic DNA was used in a 20-l hot start reaction with 35 cycles of 95°C, 30"; 58°C, 30"; 72°C, 30", with a final 7-min extension at 72°C. All reactions were performed in a standard buffer consisting of 1.5 mM MgCl 2 , 10 mM Tris⅐HCl (pH 8.3), and 50 mM KCl. Controls for X chromosome primers included a positive genomic DNA sample and blank, whereas controls for the chromosome 9 primers were an
, CAST͞Ei, and blank DNA sample. To reduce incorrect scoring of loss of X-linked markers, three reactions were run in parallel with three sets of primers by using DNA aliquoted from a common reaction mix. In addition, secondary amplification signals often were associated with these reaction conditions and provided an internal control. Each reaction was electrophoresed on a 15-cm vertical (R. Schadel, San Franciso, CA), 8% polyacrylamide gel, stained with ethidum bromide, photographed, and scored. Reactions from the same primer pair, including the controls, always were run together for comparison.
A mouse chromsome 9 paint (Oncor) was hybridized to metaphase spreads and detected according to the manufacturer. Images were captured with a charge-coupled device camera and processed with Adobe Photoshop and Biological Detection System (BDS) Registration.
Mutation Frequency and Independent Mutation Estimate. Mutation frequencies were calculated from the number of colonies surviving selection and the total number of cells Genetics: Thomas et al. Proc. Natl. Acad. Sci. USA 95 (1998) assayed, taking into account plating efficiency and cell survival after treatment. Independent mutation estimates were based on the following criteria. For experiments involving a cell split between exposure and selection, all mutations were considered duplicates until otherwise shown to be different by molecular analysis, whereas clones isolated in experiments without a cell split were assumed to be independent mutations with the exception of no or complete LOH of the PCR-based polymorphic 129͞Sv-ϩ Tyr ϩ p markers. Parallel spontaneous mutations were compared with the treated population and any mutation that was present in the exposed and spontaneous mutants was assumed to be a pre-existing mutation and only counted as one independent spontaneous mutation. (27) (28) (29) (30) (31) . Of these loci, the Hprt locus has been most commonly used as a target because both forward and reverse selection are possible. Furthermore, Hprt is located on the X chromosome, thereby providing for easy selection schemes in male cell lines hemizygous for the locus (32, 33) . As a result, mutation spectra and frequencies for intragenic and multilocus mutations induced by treatments such as x-rays, UV, or no treatment have been extensively characterized at the Hprt locus in a number of cell lines derived from Chinese hamster, mouse, and human (17, (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . To gain some comparison between these cells, our experiments in ES cells began with the Hprt locus.
RESULTS

Mutagenesis and Mutations at an X-Linked Hemizygous
Three ES cell lines were used for mutagenesis at the Hprt locus, CAST no.1 and Ncam targeted subclones Ncam͞tk D8 and Ncam͞tk F8. The spontaneous 6-TG r frequency was Ͻ1͞10 6 in all three cell lines, whereas the x-ray-and UVtreated 6-TG r frequencies ranged from 5-25͞10 6 and 20-39͞ 10 6 , respectively (Table 1) . Spontaneous (n ϭ 3), x-ray-exposed (n ϭ 45), or UV-exposed (n ϭ 66) 6-TG r clones were analyzed with Hprt-linked markers, DXMit22, DXMit23 and DXMit159. DXMit22 and DXMit23 are less than 10 kb 5Ј and 3Ј of the Hprt gene, respectively, whereas DXMit159 is a closely linked 3Ј (distal) marker. Based on the presence of all three linked markers, one spontaneous, 24 x-ray-exposed, and 60 UV-exposed 6-TG r clones were classified as intragenic mutations, whereas loss of at least one linked marker, indicative of a deletion, was observed in two spontaneous, 21 x-ray-exposed, and six UV-exposed 6-TG r clones.
The frequency of intragenic and deletion mutations is illustrated in Fig. 1a . Intragenic mutations were observed at frequencies of 0.14͞10 6 , 7.5͞10 6 , and 22͞10 6 , whereas deletions were recovered at a frequency of 0.26͞10 6 , 6.5͞10 6 , and 2͞10 6 in the spontaneous-, x-ray-and UV-treated populations, respectively. Mutations showing loss of at least one marker were tested with 12 additional markers mapping within a centimorgan of Hprt and DXMit208 and DXMit142, which map approximately 2 cM proximal and 1 cM distal to Hprt. On the basis of these results, 19 independent deletion mutations were identified and categorized into nine groups based on presence or absence of markers (Fig.  1b) . All deletions mapped within 1 cM distal and proximal to Hprt with no obvious correlation between mutagen and deletion size.
In addition, the PCR-based analysis was consistent with Southern data for 73 of 74 of the 6-TG r clones analyzed with an Hprt exon 7-9 specific probe (data not shown). The one exception was a UV-exposed clone, which, based on Southern analysis, lost the 3Ј end of Hprt but by PCR was typed as a skipping deletion that did not include the 3Ј linked DXMit23 and DXMit159 (Fig. 1b) .
Mutagenesis and Mutations at a Diploid Autosomal Locus. Definitive molecular analysis is more difficult for multilocus mutations at diploid autosomal versus hemizygous loci unless significant heterozygosity exists in the target cell line. To circumvent this problem, experiments were designed to integrate a negative selectable vector containing HSV-tk into the Ncam locus in our highly polymorphic CAST no. 1 ES line. Ncam was chosen as the anchor locus because it is a nonessential (23) autosomal locus, thereby offering the potential for mapping multilocus mutations based on a large set of linked polymorphic microsatellite markers (20, 44) . Furthermore, deletions could be generated, which in combination with the more distal chromosome 9 dilute͞short ears deletions (1), would cover two-thirds of mouse chromosome 9. (a) Calculation of the number of intragenic or deletion mutations in the spontaneous, x-ray, and UV exposed populations was performed by dividing the total 6-TG r frequencies into two frequencies based on the proportion of each mutation type in each population. The type of mutation was determined by the presence or absence of DXMit22, DXMit23, and DXMit159. (b) Breakpoint map of deletions based on presence or absence of DXMit makers listed above the chromosome. The maximum size of each deletion group is represented by a line with the number and origin of independent mutations in each group indicated on the left. Bold type indicates unambiguous physical placement, italics indicate the most likely placement, and roman type indicates that the linked markers could not be ordered based on the deletion data. The genetic location is indicated above the microsatellite markers. The diagram is not to scale. (Table 1) . Although the spontaneous mutation frequency at Ncam͞tk was comparatively higher than the Hprt locus, about a 3-fold increase in FIAU r and GANC r was observed after x-ray exposure (Table  1) . These data, together with a subsequent series of experiments (data not shown), revealed that in most cases a higher recovery of HSV-tk The frequency of each type of mutation is illustrated in Fig.  2 . No and complete LOH mutations were induced no more than 1.8-fold after x-ray exposure, whereas a dramatic increase in the partial LOH mutations was evident in the x-ray-exposed clones. In particular, the (ϩ Ϫ ϩ) partial LOH class was observed at a frequency of Ϸ1͞10 6 in the spontaneous GANC͞ FIAU selected populations in contrast to 10-50͞10 6 in the x-ray-exposed GANC͞FIAU selected populations. The spectra of mutations was similar in both the FIAU r and GANC r clones with one exception, the majority of spontaneous FIAU r mutations had no LOH, whereas the majority of spontaneous GANC r mutations had complete LOH. This finding could be the result of selection differences; however, it should be noted that the majority of FIAU r and GANC r clones were not from the same clonal targeted cell line. Therefore, this result may reflect cell line-based differences.
Seventy-nine partial LOH clones were analyzed with 7-14 additional chromosome 9 markers necessary to define extent of LOH. Seventy-two independent partial LOH mutations were identified and categorized into 28 groups shown in Fig.  3. (ϩ Ϫ ϩ) 
Cytogenetic and Dosage Analysis of Ncam͞tk Mutations. The pattern of LOH most prevalent in the x-ray-induced mutations was consistent with interstitial deletions. To classify the mutations further, fluorescence in situ hybridization with a chromosome 9 paint was performed on the Ncam͞tk F8 line, four (ϩ Ϫ ϩ) partial LOH clones, and the most extensive (Ϫ Ϫ ϩ) partial LOH clone. Two of the (ϩ Ϫ ϩ) partial LOH clones with LOH between 1 to 2 cM or 1 to 5 cM had two intact chromosome 9 signals like the parental line (Fig. 4a and data not shown) , although one clone with 11-14 cM LOH had one noticeably smaller chromosome 9 (Fig. 4b, arrow, top center) . The other (ϩ Ϫ ϩ) partial LOH clone with 2-3 cM of LOH appeared to have an intact chromosome 9 (Fig. 4c, arrow, upper left) , a smaller chromosome 9 (Fig. 4c, arrow, lower right) and a third smaller translocation signal associated with another chromosome (Fig.  4c, arrow, lower left) . The (Ϫ Ϫ ϩ) partial LOH clone with at least 35 cM of LOH had two chromsome 9 signals in an apparent isochromosome (Fig. 4d, top two arrows) and a third smaller chromosome 9 signal (Fig. 4d, arrow, bottom left) . These results are consistent with four of the partial LOH clones being interstitial deletions, the largest associated with a duplication of the CAST͞Ei chromosome 9, whereas one partial LOH clone was consistent with a more complex rearrangement, possibly a translocation-associated deletion.
The fluorescence in situ hybridization analysis along with the pattern of LOH in the (ϩ Ϫ ϩ) partial LOH mutation and a 4.5-fold higher frequency of (Ϫ Ϫ ϩ) to (ϩ Ϫ Ϫ) partial LOH mutations suggests the existence of a haploinsufficient region for cell proliferation distal to Ncam. Quantitative Southern blot data (not shown) also support this hypothesis.
DISCUSSION
A mutagenesis protocol integrating inbred strain variation, genetic mapping, classic germ-line mutagenesis, and ES cell technology was assayed for the ability to generate mutations in the mouse essential for studying fundamental biological questions. Specifically, the efficiency of inducing deletion complexes in the mouse genome by x-ray mutagenesis in ES cells was tested.
Previous mutagenesis at the Hprt locus indicated that radiation-induced deletions could be recovered at Hprt; although, the extent of the deletions was limited and dependent on cell type (36) . Deletions isolated here in ES cells covered Ͻ3 cM and most likely Ͻ1 cM based on molecular characterization with Hprtlinked markers. These data are similar to radiation-induced deletions described in human primary fibroblasts in that the deletions appeared to be limited to a small region (17) . Analysis of the ES-cell deletions with conserved sequences between mouse and human could be used to determine whether in fact the FIG. 2 . Mutation spectrum at Ncam͞tk in the FIAU r and GANC r clones. Calculation of the number of each mutation type in the spontaneous and x-ray exposed populations was performed by dividing the total FIAU r or GANC r frequencies into five frequencies based on the proportion of each mutation type [no LOH (ϩ ϩ ϩ), complete LOH (Ϫ Ϫ Ϫ), and partial LOH (ϩ Ϫ ϩ), (Ϫ Ϫ ϩ) or (ϩ Ϫ Ϫ)] in each population. The mutation type was based on the loss of heterozygosity of microsatellite markers, D9Mit64, D9Mit22, and D9Mit196. maximum viable deletion size was the same in these two cell types. These data would indicate that genes required for normal cell proliferation probably are conserved between mouse and human. In addition, clear mutation induction after mutagen exposure in combination with molecular analysis indicated that the mutation spectra were mutagen dependent, with nearly half the x-rayinduced mutations classified as deletions, whereas the majority of UV-light-induced mutations were intragenic. Although the molecular analysis did not establish a molecular basis for the intragenic mutations, the mutation spectra suggested that x-rays and UV light induce the same type of mutations in ES cells as other cell types in vitro (45) .
Molecular analysis of the autosomal Ncam͞tk mutations with polymorphic chromosome 9 markers was consistent with a large fraction of the x-ray-induced mutations being interstitial deletions that extended over approximately one-half of chromosome 9, whereas mutations consistent with terminal deletions also were recovered at lower frequencies. Cytogenetic analysis with a chromosome 9-specific paint was also consistent with this conclusion, although, as has been observed elsewhere (46) , more complex rearrangements can occur. The extent of the hypothesized interstitial deletions and relative frequency of terminal deletions could be explained by a haploinsufficient region distal to Ncam required for ES cell proliferation. Dosage analysis at the Ncam locus was consistent with this hypothesis in that mutations with LOH distal to D9Mit207 had two copies of the remaining Ncam allele, including complete LOH mutations. The cytogenetic analysis was also consistent with a putative haploinsufficient region in that a mutation analyzed with an apparent deletion of this region had duplicated the homologous chromosome. Because interstitial deletions recovered at Ncam͞tk did not overlap with those isolated in the specific locus test at Myo5a͞Bmp5 distal to Ncam (47), both a proximal and distal boundary for this putative haploinsufficient region are defined by the extent of the deletions isolated at both loci, limiting this region to no more than 6.6 cM. This may be one of the two haploinsufficient regions previously described on chromosome 9 based on lethality around implantation of embryos deficient for either half of the chromosome (48) . As has been observed at other autosomal loci including Aprt (49), complete LOH mutations were prevalent in the spontaneous mutations at Ncam͞tk. Taken in context with the haploinsufficient hypothesis, the probable cause is reduction to homozygosity caused by chromosome loss and reduplication.
Comparison of the mutation frequencies and spectra at Hprt and Ncam͞tk indicate that both were clearly locus dependent. However, mutation frequencies in cell lines at the same locus also Genetics: Thomas et al. Proc. Natl. Acad. Sci. USA 95 (1998) varied, indicating cell line dependence as well. This finding could reflect differences in growth rate or differentiation state (50) of the ES cell lines tested. To take into account this variability, the calculated overall mutation frequencies were based on multiple mutagenized populations, various selection conditions, and all cell lines tested. Overall, the deletion frequency at the two loci varied from Ϸ7 to 50͞10 6 at Hprt and Ncam͞tk after x-ray exposure. Based on this frequency and optimal selection conditions, a mutagenized population from 21 to 150 ϫ 10 6 ES cells selected on 5-35 100-mm tissue culture plates would be expected to yield 25 deletions, i.e., a deletion complex. This expectation is in dramatic contrast to the 20,000 mice that on average would have to be screened to isolate a similar number of deletions with the most efficient germ-line mutagenesis protocol (12) . In addition, because the majority of the genome is autosomal, most loci would be expected to have a deletion frequency similar to that observed at Ncam͞tk and therefore would require only three times as many cells used in a typical gene targeting experiment to generate a potential deletion complex. This estimate was consistent with similar experiments performed in the t region on chromosome 17 where the observed deletion frequency was nearly identical to that at Ncam͞tk; however, the more limited molecular analysis of those deletions indicated a minimum deleted interval of 7 cM (21), much smaller than seen at Ncam͞tk.
Although not demonstrated here, ES cells with a radiationinduced deletion have efficiently contributed to the germ-line of chimeras, allowing for the establishment of lines of mice with a specific deletion (21) . As in all random mutagenesis, second site mutations may be present; however, removal of other mutations from the selected deletion genome can be performed by breeding and subsequent segregation of unlinked mutations.
In conclusion, x-ray mutagenesis at two loci in a highly polymorphic ES cell line allowed for efficient detection and isolation of deletions. The frequency of x-ray-induced deletions recovered at both loci indicates that this approach represents an efficient and accessible source of deletion complexes in the mouse.
